Here, we therefore propose a more modest experiment that can be considered an inter-23 mediate step on the road towards fully achieving laser induced deracemization. Using an 24 experimental setup similar to the one described in ref. 14, we theoretically demonstrate that 25 applying a relatively simple series of driving laser pulses to a gas phase racemic mixture of 26 3D aligned/oriented F 2 H 3 C 6 − C 6 H 3 Br 2 molecules can lead to significant and measurable 27 differences in the internal dynamics and structure between the left-and right-handed enan-28 tiomeric forms, effectively transforming a racemic 50/50 mixture into a 26/74 mixture that 29 is skewed towards one of the enantiomeric species. The key difference between this work 30 and that performed in ref. 14 is that the results presented here do not require significant 31 optimization of the laser pulse shape; instead we exploit some of the general principles that 32 we uncovered by analyzing the optimized fields in ref. 14 to "manually" construct the pulse 33 train in a way designed to make experimental implementation more feasible. 34 17. 75 In the work performed in ref. 17 it is demonstrated that cooling a gas-phase population 76 of F 2 H 3 C 6 − C 6 H 3 Br 2 molecules to a few Kelvin will hinder the internal rotation, and the 77 dihedral angle φ d between the ring planes will become fixed at 39 • and −39 • . As figure 2 78 demonstrates, these angular configurations correspond to two different stable structures that 79 are each other's mirror image, that is, an enantiomeric pair. Here we adopt the notation of 80 labelling the 39 • and −39 • configurations as S a and R a enantiomers, respectively. 81 In a general sense, the deracemization process is characterized by selective changes in 82 the internal structure of one of the enantiomers. For this reason, the process can be purely 83 quantified by only following the internal dynamics of the R a and S a nuclear wave packets in 84 the φ d coordinate. However, as we shall soon demonstrate, the relative angle between the 85 molecular orientations in Φ and the polarization axis of the driving pulse is also a critical 86 factor to take into account for deracemization to be possible. We now introduce a concept 87 that will be important in the following analyses; namely the structural symmetry axis of 88 the system. Assuming that the dihedral angles of the enantiomers have equal and opposite 89 signs, the structural symmetry axis is defined as the "mirror line" in thexŷ plane that will 90 perfectly reflect the structure and orientation of the R a (S a ) enantiomer into its mirrored S a 91 (R a ) counterpart. Mathematically, this axis lies in thexŷ plane where its angle in relation 92 to the thex axis is defined by the mean value of the weighted rotational angles of both 93 enantiomers, i.e. 94θ sym = cos
For example, the structural symmetry axis of the enantiomers will lie along thex axis when 95 4 FIG. 1. Molecular structure of 3, 5-Difluoro-3 , 5 -dibromobiphenyl (F 2 H 3 C 6 −C 6 H 3 Br 2 ). The most polarizable axis (MPA) and second most polarizable axis (SMPA) are represented by respective red and blue dotted lines in thexẑ plane. Note that the stereogenic axis of the molecule is identical to the MPA. In the simulations performed throughout this article, the MPA is always oriented along the lab frameẑ axis with the Br-substituted ring pointing in the positive direction as shown.
The elliptical orientation pulse E 0 propagates along theŷ axis (see, e.g., figure 5 ), and the vertical (horizontal) pink arrows show the direction of its major (minor) polarization axes, denoted by E 0z they are in their initial 3D aligned state, as can be seen in figure 2.
96
In ref. 14 it was discovered that the shaped pulses are able to achieve deracemization by 97 concurrently satisfying at least two conditions; the dihedral oscillations in φ d must become 98 large enough for at least one of the enantiomeric wave packets to be able to move over 99 the potential barrier separating the enantiomeric species, and the inversion symmetry of 100 the dynamics in φ d between the two enantiomers must be broken, i.e. the dynamics of the 101 torsional oscillations in the R a and S a enantiomer must evolve in a way that leads to them 102 becoming dissimilar. by noting that the polarization axis of the driving field is parallel to the structural symmetry 125 axisθ sym shared by the enantiomers; in a sense the field is "seeing" two identical mirrored 126 versions of the exact same molecule from this angle, so the dynamic response of the enan-127 tiomers to the field will necessarily also be mirrored across theθ sym /x axis at all subsequent 128 times as long as the driving field remains polarized in this direction.
129
In a classical sense, evolving the system dynamics in time on the field-perturbed poten- FIG. 5. A sketch of the initial 3D oriented R a /S a system, and two pulse trains with field polarization axes rotated ±8.5 • away from thex axis in thexŷ plane. As sketched in figure 4, driving the molecules with these pulse trains will increase the torsional oscillations and simultaneously break the dynamic inversion symmetry of the torsional motion between the enantiomers (see figure 6 for the simulated results). For reference the alignment pulse is also shown in pink.
experience as the polarization axis of the driving field is rotated away from the structural 155 symmetry axis of the enantiomers can be understood if we once again consider the geometry 156 of the overall field/molecular configuration. Unlike the previously discussed case where the 157 polarization axis was aligned with theθ sym /x axis, the field is now effectively "seeing" the 158 R a and S a molecules from two different angles. For example, in panel (3b) of figure 3 it 159 can be seen that the polarization axis of the 30 • rotated field is now nearly parallel with 160 the F-ring of the R a enantiomer, and rotated roughly 60 • away from the F-ring of the 161 S a enantiomer. These geometrical differences lead to subtle changes in the way the field 162 interacts with each enantiomer, a result that manifests itself in the form of dissimilar forces 163 being applied to the torsional wave packets. This is critically important because it can 164 potentially lead to dissimilar torsional dynamics, which is the second criteria that must be 165 met for deracemization to be possible.
166

IV. DESIGNING THE PULSE TRAIN 167
Based on the present information, it would be reasonable to assume that driving the 168 oriented system with a train of pulses with a polarization axis that is de-aligned from the 169 initial structural symmetry axis along thex coordinate will allow us increase the amplitude 170 of the dihedral oscillations while simultaneously breaking the inversion symmetry of the 171 enantiomeric dynamics in φ d . However, there is a problem with this idea; the rotation 172 8 of both enantiomers in Φ will eventually causeθ sym to align (or nearly align) with the polarization axis of the pulse train, which will once again make it difficult to apply the 174 dissimilar forces to the torsional motion that are required to further break the inversion 175 symmetry of the structural dynamics.
176
In ref. 14 it was discovered that this problem can be addressed by driving the system 177 with two different fields E 1 and E 2 , where the polarization axis of E 1 (E 2 ) is rotated away 178 from the minor alignment pulse axis (x) by −6.5 • (6.5 • ) in thexŷ plane (see, e.g., chart 2 179 from the same paper). This allowed the optimization algorithm to generate a combined field 180 that changes its polarization axis over time, effectively maintaining large differences between 181 the structural symmetry axis of the molecules and the polarization axis of the driving field.
182
In this way, the amplitude of the torsional oscillations could be increased while maintaining 183 the asymmetrical interaction forces that are required for the wave packet trajectories in φ d 184 to become sufficiently dissimilar over time to facilitate deracemization.
185
Our approach here is to once again apply the aforementioned principles by driving the 186 system with two different fields with polarization axes that are rotated away from the lab 187 framex axis by equal and opposite angles in thexŷ plane. However, instead of optimizing 188 the pulse shapes, we now take a more rudimentary approach by combining the fields to the molecules, which should lead to better measurement statistics.
220
Besides being polarized at different angles, all 7 pulses shown in figure 5 have peak 221 intensities of 10 TW/cm 2 , FWHM widths of 0.67 ps, and are equally spaced at 1.26 ps 222 intervals. In general, the pulse parameters were chosen based on prior knowledge the system.
223
The peak intensity was selected to approximate the intensity of the optimized pulses in ref.
224 14, and is expected to be well below the ionization limit 26 of the molecules. The choice of the FWHM width and the oscillation period T is given by FWHM/T = 2 √ ln 2/π. Note 230 that through trial and error we found that slightly increasing the pulse spacing from 1.2 ps 231 to 1.26 ps (while also appropriately increasing the pulse widths) yielded marginally better 232 results in terms of induced wave packet asymmetries. Finally, while using an angle of 17 • 233 between the polarization axes of the two pulse trains gave the best results in our simulations, 234 dealignment angles between 13 • and 20 • were also able to generate significant wave packet 235 asymmetries. The message to experimentalists here is that although we have tuned our 236 FIG. 6. The three columns show the rotational dynamics (middle row) and dihedral dynamics (bottom row) when three different types pulse trains are applied to the 3D oriented racemic mixture of R a (red curves) and S a (blue curves) molecules. The pulse train in the first column corresponds to the one shown in figure 5 , i.e. the polarization axes are alternated in a way that ensures that the interaction between the field and the molecules remains asymmetrical. The pulse train in the middle column corresponds to applying 7 pulses with polarization axes that are all de-aligned from the initial molecular symmetry axis by 8.5 • , and the pulse train in the right hand column corresponds to applying 7 pulses with polarization axes that are all aligned with the initial molecular symmetry axisx. Note that the evolution of the φ d value for the R a enantiomer in the bottom row of plots has been multiplied by −1 to better facilitate comparison (see article text).
pulse parameters to a certain extent, we expect that there is a relatively large range of pulse 237 parameters that will yield good results. of the barrier that it started out on.
267
For comparison, we also drove the racemic mixture with a train of 7 pulses using the same to drive the enantiomers. This is also apparent in panel (2c), where only minor divergences 278 between the blue and red curves are observed, i.e. the inversion symmetry in the torsional 279 dynamics of the enantiomers becomes broken, but not to a significant degree.
280
As a final test, we once again drove the enantiomers using a train of pulses with the 281 same parameters as before, except this time the polarization axes of all the pulses were 282 aligned withx. The rotational and torsional dynamics generated by this pulse train are 283 respectively shown in panels (3b) and (3c) of figure 6, and it is apparent that they are 284 perfectly symmetrical at all times. This is because, as stated, the field/molecule interaction 285 in this case will always apply symmetrical forces to both enantiomeric wave packets, since the polarization axis of the driving field always remains parallel to the structural symmetry 287 axis of the system. Note that the R a and S a dynamics in Φ are also symmetrical for this 288 reason, although they appear to exchange positions at around 7 ps. This can be explained by 289 considering the fact that the mean positions of both enantiomeric wave packets in φ d transfer 290 into their respective opposite wells at around 7 ps, i.e. each enantiomer has effectively been 291 transformed into its own mirror image.
292
In order to better illustrate the critical elements of the evolution in the torsional states in the Br + and F + ions have different weights, they will experience different accelerations in 320 the static field, and subsequently they will arrive at the detection plate at different times. 
and P Sa (φ F ) and P Ra (φ F ) where combined in the same way to generate the corresponding 337 distribution of F + fragments:
Note also that the symmetry of the phenyl rings means that whenever an ion is detected at φ • on the detector, another ion will appear at (φ + 180) • . This means that to get the angular distribution of ions as they will appear on the detector plate, the distributions P tot (φ Br ) and P tot (φ F ) have to be added to versions of themselves where the locations of the distributions have been shifted forward by 180 • : P det Br (φ) = 1 2 P tot (φ Br ) + P tot (φ Br + 180) (8)
where we introduce φ as a general coordinate representing the angle in thexŷ plane with 339 relation to the lab-framex axis (i.e. the detector plate angle). P det Br (φ) and P det F (φ) were 340 then projected onto radial surface plots in order to replicate the form of, e.g., the raw 
